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The Nieuwkoop center is the earliest signaling center during dorsal–ventral pattern formation in amphibian embryos and has been implied
to function in induction of the Spemann–Mangold organizer. In zebrafish, Nieuwkoop-center-like activity resides in the dorsal yolk syncytial
layer (YSL) at the interface of the vegetal yolk cell and the blastoderm. hex homologs are expressed in the anterior endomesoderm in frogs
(Xhex), the anterior visceral endoderm in mice, and the dorsal YSL in zebrafish (hhex). Here, we investigate the control of hhex expression in
the YSL. We demonstrate that bozozok (boz) is absolutely required for early hhex expression, while overexpression of boz causes ectopic
hhex expression. Activation of Wnt/h-catenin signaling by LiCl induces hhex expression in wild-type YSL but not in boz mutant embryos,
revealing that boz activity is required downstream of Wnt/h-catenin signaling for hhex expression. Further, we show that the boz-mediated
induction of hhex is independent of the Boz-mediated repression of bmp2b. Our data reveal that repressive effects of both Vega1 and Vega2
may be responsible for the exclusion of hhex expression from the ventral and lateral parts of the YSL. In summary, zebrafish hhex appears to
be activated by Wnt/h-catenin in the dorsal YSL, where Boz acts in a permissive way to limit repression of hhex by Vega1 and Vega2.
D 2004 Elsevier Inc. All rights reserved.
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A cascade of inductive events establishes the dorsoven-
tral axis of the vertebrate embryo (Chan and Etkin, 2001;
Harland and Gerhart, 1997). In frog embryos, transport of
dorsal determinants from the vegetal pole toward the future
dorsal side of the embryo creates a first signaling center in
dorsal vegetal blastomeres, called the Nieuwkoop center
(Nieuwkoop, 1969). The Nieuwkoop center emits signals
that contribute to the induction of the Spemann organizer
(Spemann and Mangold, 1924; critically reviewed by
Gerhart, 2001). The dorsal marginal blastomeres and the0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Winterthurerstrasse 190, CH-8057 Zqrich, Switzerland.dorsal yolk syncytial layer (YSL) have been suggested to be
the zebrafish region equivalent to the Nieuwkoop center
(Mizuno et al., 1996; Solnica-Krezel, 1999). The YSL is an
extraembryonic structure that forms when marginal blasto-
meres collapse and release their nuclei into the underlying
yolk cell about 3 h after fertilization (Kimmel and Law,
1985). Based on several studies (e.g., Chen and Kimelman,
2000; Mizuno et al., 1996, 1999; Ober and Schulte-Merker,
1999), it appears as an attractive hypothesis that the dorsal
YSL induces, via non-autonomous signals, the formation of
the zebrafish organizer in the overlying blastoderm. The
zebrafish organizer is localized to the morphological
structure of the shield in fish embryos (Oppenheimer,
1936a,b; Saude et al., 2000; Shih and Fraser, 1996).
An important early step in the formation of the
Nieuwkoop center is the dorsally enhanced nuclear local-
ization of h-catenin, a transcriptional effector in the Wnt
signaling pathway (Larabell et al., 1997; Molenaar et al.,
1996; Schneider et al., 1996). In zebrafish, h-catenin276 (2004) 552–562
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dorsal YSL, where it activates in concert with Tcf/Lef
family proteins the expression of zygotic genes that mediate
the formation of dorsal structures (reviewed by Kodjaba-
chian et al., 1999). Among the first zygotic genes activated
in zebrafish is the homeobox gene bozozok (boz; also
known as dharma or nieuwkoid). boz is first expressed
within dorsal blastomeres shortly before MBT, and is also
activated within the dorsal YSL at late blastula/early
gastrula stages (Koos and Ho, 1998; Leung et al., 2003b;
Solnica-Krezel and Driever, 2001; Yamanaka et al., 1998).
Several lines of evidence indicate that boz is a direct target
of h-catenin-Tcf/Lef signaling. Distinct sites in the boz
promoter region are efficiently bound by Tcf/Lef1 (Leung et
al., 2003b), and an element of the boz promoter containing
these sites is able to drive expression of a GFP reporter in
the embryo in a pattern similar to endogenous boz
expression (Ryu et al., 2001). It has been demonstrated that
Bozozok acts as a transcriptional repressor of bmp2b, and
thus initiating the earliest dorsoventral asymmetry of bmp2b
expression (Koos and Ho, 1999; Leung et al., 2003a). Two
high-affinity binding sites for Boz within a regulatory region
of the bmp2b gene were demonstrated to be crucial for
bmp2b repression in the early gastrula (Leung et al., 2003a).
The transcriptional repression of bmp2b by Boz appears to
be one of the first steps towards formation of a stable
organizer (Leung et al., 2003a). It has been further
suggested that Bozozok acts as a repressor of other ventrally
expressed genes such as vega1 (vox), vega2 (vent), and ved,
all three of which in turn are able to repress boz (Kawahara
et al., 2000a,b; Melby et al., 2000; Shimizu et al., 2002).
The cloning and analysis of hex homologs from mouse
(hex; Bedford et al., 1993; Thomas et al., 1998) and
Xenopus (Jones et al., 1999; Newman et al., 1997; Zorn et
al., 1999) has revealed a potential molecular link between
the anterior endomesoderm in Xenopus and the anterior
visceral endoderm (AVE) in mouse (Beddington and
Robertson, 1999). In mice, the homeobox gene hex is early
on expressed in the AVE and in definitive endoderm cells at
the distal tip of the elongating primitive streak (Thomas et
al., 1998). hex mutant embryos exhibit varying degrees of
anterior truncations as well as defects connected to later
expression domains (Martinez Barbera et al., 2000). In
Xenopus, Xhex is expressed in the anterior endomesoderm
and in dorsal superficial cells (referred to as suprablasto-
poral endoderm, SBE; Jones et al., 1999; Newman et al.,
1997; Zorn et al., 1999). Inhibition of Xhex function
suggests that Xhex is required for anterior development.
With the cloning of hhex (formerly called hex) from
zebrafish, an additional factor has been identified that might
contribute to the identity of the dorsal YSL (Ho et al., 1999).
Expression of hhex starts around dome stage and is
exclusively detected in a small region of the dorsal YSL.
By the onset of gastrulation, expression of hhex has
expanded and transcripts are detected in the entire dorsal
half of the YSL. This study also suggests a functionalequivalence between the dorsal YSL and the mouse AVE.
Ho et al. (1999) demonstrated that hhex is a likely
downstream target of the maternal Wnt/h-catenin pathway,
and that Hhex may act as a transcriptional repressor.
Overexpression of hhex mRNA specifically in the YSL
results in repression of wnt8 at late blastula stages and in
repression of bmp2b at mid- to late gastrula stages (Ho et
al., 1999). Thus, Hhex may repress ventralizing and
posteriorizing influences in the dorsal YSL. Functions of
hhex in endothelial and blood differentiation during later
zebrafish development have also been described (Liao et al.,
2000).
Here, we investigate factors contributing to the control of
hhex expression. Our results confirm the role of beta-
catenin/Wnt signaling (Ho et al., 1999), and further show
that initiation and early maintenance of hhex is independent
of Nodal-signaling. The partially overlapping expression
profiles of hhex and boz, and the fact that the regulation of
both genes depends on the maternal Wnt/h-catenin pathway,
made us investigate the epistatic relationship and potential
regulatory interactions between boz and hhex. We demon-
strate that early YSL-specific hhex expression depends on
the presence of boz activity. Further, overexpression of boz
mRNA leads to ectopic hhex expression specifically in the
YSL. Analysis of swirl/bmp2b mutants indicates that the
positive effect of boz overexpression on hhex expression is
independent of boz-mediated repression of bmp2b. Since
boz acts as a transcriptional repressor, the positive effect on
hhex expression is likely indirect. Therefore, we inves-
tigated the potential of the ventrally expressed vega1 and
vega2 genes to repress hhex. Results obtained from over-
expression of activator versions of these two transcriptional
repressors suggest that vega1 and in a more pronounced
way vega2 may repress hhex. This is also supported by
analysis of Df st7 mutant embryos, which lack vega1 and
vega2 and show a dramatic expansion of hhex expression
into ventrolateral regions. With respect to potential func-
tions of Hhex, our genetic analysis of a hhex deficiency
challenges the previous notion that Hhex might repress wnt8
in the dorsal margin until mid-gastrula stages.Materials and methods
Zebrafish maintenance and mutant strains
Zebrafish were maintained and staged as previously
described (Westerfield, 1995). Wild-type embryos were
from AB/TL strain fish. Mutant alleles used were bozozok
bozm168 (Fekany et al., 1999; Solnica-Krezel et al., 1996),
cyclops cyctf219 and cycb16 (Hatta et al., 1991; Sampath et
al., 1998; Talbot et al., 1998), Df st7 (Imai et al., 2001),
squint sqtcz35 (Feldman et al., 1998), and swirl swrta72
(Kishimoto et al., 1997; Nguyen et al., 1998). MZoep
embryos were obtained by intercross of homozygous
oepm134 fish (Gritsman et al., 1999; Schier et al., 1996).
Fig. 1. bozozok mutant embryos lack hhex expression and boz mRNA
overexpression induces ectopic hhex expression. (A–F) Expression of hhex
at 40% epiboly was examined by in situ hybridization. Embryos derive
from a cross of boz heterozygous fish. Genotypes of classes of embryos are
indicated: wt for wild-type, +/ for boz heterozygous, boz for homozygous
mutant. Embryos shown are representative for the classes of genotypes
indicated. (A,B) Wild-type and heterozygous boz embryos express hhex in
the dorsal YSL. (C,D) Homozygous boz mutant embryos lack hhex
expression. (E,F) Injection of 5 pg boz mRNA induces hhex expression in
the YSL of 97% of injected embryos derived from crosses of boz+/
parents. (A,C,E: animal views; B,D,F: lateral views; A,B: dorsal to the
right).
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To generate VP16-vega2, the VP16 transactivation
domain of the Herpes Simplex Virus type I VP16 gene
(amino acids 413–490; Sadowski et al., 1988) was PCR-
amplified and fused via an SpeI site to the N-terminus of the
C-terminal vega2 region (amino acids 57–170), which
includes the homeodomain. This fusion protein construct
was cloned into the pCS2+ vector (Rupp et al., 1994), and
the inserted cDNA and vector junctions were confirmed by
sequencing. For microinjection 5V-capped mRNAs were
transcribed from linearized pCS2+ constructs of zebrafish
boz (NotI/SP6; Leung et al., 2003a), vega2 (SacII/SP6),
VP16-vega1 (NotI/SP6; Kawahara et al., 2000a), and VP16-
vega2 (NotI/SP6) using the mMESSAGE mMACHINE kit
(Ambion). Working solutions were prepared in nuclease-
free water and 0.05% phenol red, and about 1 nl each was
injected into one-cell stage embryos. For treatment with
lithium, embryos at the 32-cell stage were exposed to 0.3 M
LiCl for 12 min and then washed thoroughly with egg water
(Stachel et al., 1993).
Whole-mount in situ hybridization and retrospective
genotyping
Whole-mount in situ mRNA hybridization (WISH) was
performed as described by Hauptmann and Gerster (1994).
hhex and wnt8 were used as probes (Kelly et al., 1995).
Antisense hhex probe was transcribed with T7 polymerase
from a ClaI-linearized hhex-pCS2+ construct (gift from T.
Leung). Genotyping of bozm168 after in situ hybridization
was essentially performed as described (Fekany et al.,
1999), with the modification that single embryos were
digested in 50 Al 1 TE (pH 8), 0.05% SDS, and 20 Ag/ml
proteinase K at 558C overnight; digests were diluted 1:10,
and 1 Al of a dilution was used as a template in a 10 Al PCR
reaction. Df st7 embryos were genotyped using vega1
primers as described (Ramel and Lekven, 2004).Results
Bozozok is essential for early hhex expression
Previous studies have shown that hhex lies downstream
of the maternal Wnt/h-catenin pathway, as LiCl treatment
and h-catenin overexpression lead to ectopic hhex expres-
sion throughout the YSL (Ho et al., 1999). Since bozozok
expression is directly regulated by h-catenin/TCF1 (Leung
et al., 2003b; Ryu et al., 2001), we wanted to know whether
the regulation of early hhex expression in the YSL may
involve Boz. At late blastula stages, hhex expression is
absent from the YSL of homozygous boz embryos, whereas
expression of hhex in boz heterozygous and wild-type
embryos is indistinguishable from each other (Figs. 1A–D;
confirmed by genotyping of boz alleles, n = 56, data notshown). This demonstrates that boz acts upstream of
initiation and early maintenance of hhex expression.
To further corroborate this finding, we investigated the
epistatic relation of boz and hhex by boz mRNA over-
expression and Wnt/h-catenin pathway activation through
LiCl. Microinjection of 5 pg of boz mRNA at the one-cell
stage induces hhex expression at ectopic sites in the YSL in
almost all embryos from a cross between boz+/ fish (Figs.
1E–F and Table 1). Thus, boz mRNA overexpression
rescues hhex expression in boz mutant embryos and further
is able to induce ectopic hhex in the YSL, in most cases
leading to radially symmetric expression of hhex. Addition
of the GSK-3-inhibitor LiCl to embryos normally activates
the canonical Wnt pathway and produces radially symmetric
dorso-anteriorized embryos (Klein and Melton, 1996;
Stachel et al., 1993; Stambolic et al., 1996). Treatment of
embryos derived from a boz+/ intercross with LiCl leads to
ectopic hhex expression throughout the marginal YSL
Table 1
Functional Bozozok is required for early hhex expression
boz clutch
(n = 155)
boz clutch + boz
mRNA (n = 116)
boz clutch + LiCl
(n = 190)
hhex expression 69% 97% 75%
No hhex expression 31% 3% 25%
Embryos were derived from boz+/ intercrosses, fixed at 40% epiboly, and
analyzed for hhex expression by in situ hybridization. For boz over-
expression, 5 pg of boz mRNA were microinjected per embryo at the one-
cell stage. LiCl treatment was performed as described in Materials and
methods. The few cases of embryos showing no hhex expression (3%) are
most likely representing boz embryos, which were not rescued by the
synthetic boz mRNA due to uneven distribution of injected mRNA.
(n: number of embryos).
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treated embryos, representing homozygous boz mutant
embryos, reveal no hhex expression at all (Figs. 2D–F and
Table 1). From these results, we conclude that boz is
absolutely required downstream of maternal Wnt/h-catenin
signaling for the initiation and early maintenance of hhex
expression.
Bozozok induces hhex expression independent of its
repression of bmp2b
Recent studies have revealed (Koos and Ho, 1999; Leung
et al., 2003a) that boz directly represses bmp2b tran-
scription, thus establishing a small dorsal domain in the
early embryo devoid of bmp2b expression. One might
assume that the ectopic hhex expression induced by boz
overexpression (Figs. 1E,F) could be a consequence of
bmp2b repression by boz. To address this possibility, we
analyzed early hhex expression in swirl/bmp2b (swr)Fig. 2. LiCl treatment induces hhex expression in wild-type and heterozygous boz m
mount in situ hybridization for hhex at 40% epiboly after LiCl treatment, which wa
embryos for which the pictures are representative are indicated (see Fig. 1). (A–C)
ectopic hhex expression in the YSL. (D–F) Following LiCl exposure, homozygous
views; B,E: lateral views focusing on the embryonic midline; C,F: lateral viewsmutant embryos as well as the effect of boz overexpression
on hhex in swr mutant embryos.
hhex expression is ventrally expanded at the mid and end
of gastrulation within the YSL in swr mutant embryos (Ho
et al., 1999). However, during the early gastrula phase, hhex
expression is normal in swr mutant embryos (Figs. 3A–C;
Ho et al., 1999). This suggests that bmp2b signaling does
not control hhex expression from its onset until at least 50%
epiboly. Next, we injected synthetic boz mRNA into
embryos of a swr clutch. Microinjection of 5 pg of boz
mRNA resulted in hhex expression throughout the marginal
YSL in all embryos from a cross of swr heterozygous fish
(Figs. 3D–F). Thus, absence of bmp2b activity does not
appear to have an effect on the boz-dependent ectopic
activation of hhex. Both experiments together make us
conclude that Bmp2b does not have a direct effect on hhex
at early gastrula stages and that the effect of boz mRNA
overexpression is not mediated through transcriptional
repression of bmp2b by Boz.
Early hhex expression does not require Nodal signaling
While Boz is required for hhex expression, the fact that
Boz acts as a repressor (Leung et al., 2003a,b) indicates
that other factors mediate hhex activation. We investigated
whether, in addition to h-catenin/TCF, there are additional
factors involved in hhex activation. One potential candi-
date could be the Nodal-related TGFh signal squint (sqt),
because sqt is expressed—similar to hhex—in the dorsal
YSL from oblonge stage (3.7 h post fertilization, hpf)
onwards until the germ ring stage, in addition to the sqt
expression domain in marginal blastomeres (Erter et al.,
1998). To test whether sqt, or Nodal signaling in general,utant embryos, but not in homozygous boz mutant embryos. (A–F) Whole-
s performed as described in Materials and methods. Genotypes of classes of
Following LiCl exposure, wild-type and heterozygous boz embryos exhibit
boz embryos from the same clutch lack any hhex expression. (A,D: animal
focused on the marginal surface).
Fig. 3. swirl/bmp2b mutant embryos exhibit normal hhex expression and boz mRNA microinjection induces hhex expression in swirl embryos. (A–F)
Expression of hhex at 50% epiboly. Genotypes of classes of embryos for which the pictures are representative are indicated (see Fig. 1). (A–C) hhex expression
of a representative embryo from a swr+/ incross. (D–F) A representative embryo from a swr+/ intercross, injected with 5 pg boz mRNA. (A,D: animal view;
B,E: lateral view, in B dorsal to the right; C: dorsal view, focussed at the marginal region; F: lateral view, focussed at the margin).
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expression in zebrafish Nodal mutant embryos. Early hhex
expression is normal in sqt and cyclops (cyc; Sampath et
al., 1998) mutant embryos at 50% epiboly (Figs. 4B,C).
To investigate whether sqt or cyc derived Nodal signalsFig. 4. Expression of hhex in various Nodal-deficient mutant embryos is not
different from hhex expression in wild-type embryos. (A–D) Expression of
hhex at 50% epiboly. Definitive genotypes (wt, MZoep) as well as
genotypes of classes of embryos for which the pictures are representative
(sqt , cyc) are indicated in the panels: (A) Wild-type embryo. (B)
Representative embryo from a sqt+/ intercross. (C) Representative embryo
from a cyc+/ intercross. (D) A MZoep mutant embryo. (A–D: animal
views, dorsal to the right).may act in parallel and compensate each other, we
examined maternal-zygotic one-eyed pinhead (MZoep)
mutant embryos, which are completely devoid of Nodal-
signaling. MZoep mutant embryos display a phenotype
very similar to cyc; sqt double-mutant embryos (Gritsman
et al., 1999). MZoep embryos examined at 50% epiboly
have a hhex expression pattern similar to wild-type
embryos (Fig. 4D). These results indicate that zebrafish
Nodal signaling is not required for early hhex expression
in the YSL.
Role of Vega1 and Vega2 in control of hhex expression
It has been demonstrated that Boz acts as a transcrip-
tional repressor (Leung et al., 2003a). Thus, Bozozok-
dependent induction of hhex expression might be mediated
through the suppression of factors that normally repress
hhex expression in the YSL. Vega1 (Vox) and Vega2 (Vent)
have ventralizing activities and likely act as transcriptional
repressors in zebrafish (Imai et al., 2001; Kawahara et al.,
2000a,b; Melby et al., 2000). vega1 is expressed immedi-
ately after midblastula transition (MBT, 3 hpf; Kane and
Kimmel, 1993) in all blastomeres (Kawahara et al., 2000a).
About 1 h later (dome stage), both the dorsal blastomeres
and the dorsal YSL are cleared from vega1 transcripts.
vega2 expression is first detected on the ventral side at
sphere stage (4 hpf) and then rapidly expands towards the
dorsal side. vega2 expression forms a ventral-to-dorsal
gradient by dome stage, but remains excluded from the
dorsal side (Kawahara et al., 2000b). Interestingly, both
vega 1 and vega 2 are not only expressed within the
blastomeres, but also within the YSL underlying the vega1
and vega2 expressing blastomeres (Kawahara et al.,
J. Bischof, W. Driever / Developmental Biology 276 (2004) 552–562 5572000a,b). It was further demonstrated that injection of boz
mRNA inhibited vega1 and vega2 expression (Kawahara et
al., 2000a,b; Melby et al., 2000). Based on the hypothesis
that the interactions of boz and hhex should be indirect,
Vega1 and Vega2 represent two candidates to repress hhex
in the YSL.
To test the potential of vega1 and vega2 to interact with
hhex, we used overexpression of antimorphic fusion
proteins generated from the activator domain of VP16 and
the Vega1 and Vega2 DNA binding domain, respectively
(Kawahara et al., 2000a,b; Melby et al., 2000). It has been
shown that injection of vega1 and vega2 mRNAs abolishes
boz expression (Kawahara et al., 2000a,b; Melby et al.,
2000). Since we have shown that hhex expression is
absolutely dependent on the presence of boz activity,
overexpression of wild-type forms of vega1 and vega2
would not allow to distinguish between whether the likely
observed hhex repression results exclusively from boz
abolishment or from a boz-independent direct repression
of hhex expression by Vega1 and/or Vega2. Further, since
misexpression of VP16-vega1 (Kawahara et al., 2000a) and
VP16-vega2 (Fig. 5L) in wild-type embryos causes ectopic
boz expression, which in turn would likely lead to ectopic
hhex expression, we injected the activator fusion constructs
into boz mutant embryos.
Injection of 100 pg VP16-vega1 mRNA induces hhex
expression efficiently in wild-type and heterozygous boz
embryos (Figs. 5C,D; and data not shown). However, VP16-Fig. 5. VP16-vega1 and VP16-vega2 can induce ectopic hhex expression in hom
mutants. (A,B) hhex expression in a noninjected wild-type embryo. (C–F) Expr
injection of 100 pg VP16-vega1 mRNA. (G–J) Expression of hhex in a wild-type (
(K,L) Expression of hhex in a noninjected embryo (K) and in an embryo injected
embryo (M) and in an embryo injected with 100 pg VP16-vega2 mRNA (N). (O–R
a Df st7 homozygous mutant embryo (Q–R). Pictures are either focussed to the mi
50% epiboly stage. All embryos depicted in A–J and O–R were genotyped after p
A,B,K,M,O,P: dorsal to the right, all others, except for L,Q,R, putative dorsal to tvega1 does induce hhex expression only weakly (Figs.
5E,F) or not at all (data not shown) in homozygous boz
mutant embryos. When compared to VP16-vega1, we found
that VP16-vega2 mRNA (100 pg) more efficiently induces
hhex expression in boz mutant embryos (Figs. 5I,J, compare
to Figs. 1D and 5E,F; also data not shown). This was
revealed by the finding that all embryos from a boz+/
incross (n = 45) injected with VP16-vega2 expressed hhex
in the YSL, and most embryos had ventrolaterally expanded
expression domains. Randomly selected embryos from these
overexpression experiments were genotyped for boz by
PCR to verify the genotypes, as boz mutant embryos cannot
be distinguished morphologically at this stage (data not
shown).
Since VP16-vega2 causes ectopic hhex expression,
misexpression of vega2 mRNA should accordingly repress
hhex expression. In wild-type and heterozygous boz
embryos, the Vega2-mediated repression of hhex may likely
be caused by direct repression of hhex as well as by
repression of boz. We postulate, based on the effect of
VP16-vega2 misexpression in boz mutant embryos on hhex
expression, that direct interactions between Vega2 and boz
may occur. Overexpression of 25 pg vega2 mRNA indeed
causes either complete loss (63%; Fig. 5L) or very strong
reduction of hhex expression (37%; n = 41) in wild-type
embryos. To investigate whether Vega2 in our experiments
interacts with boz, we tested whether misexpression of the
antimorphic VP16-vega2 would lead to up-regulated bozozygous boz mutant embryos, and hhex expression is expanded in Df st7
ession of hhex in a wild-type (C,D) and a boz mutant (E,F) embryo after
G,H) and a boz (I, J) embryo after injection of 100 pg VP16-vega2 mRNA.
with 25 pg of vega2 mRNA (L). (M,N) Expression of boz in a noninjected
) hhex expression in wild-type and heterozygous Df st7 embryos (O,P) and in
dline (O,Q) or the lateral marginal region (P,R). All embryos were fixed at
hotography. (A,C,E,G,I,K–N: animal views; B,D,F,H,J,O–R: lateral views;
he right; probes used are indicated in the bottom left corner of each panel).
Fig. 6. hhex does not repress wnt8 expression at the dorsal margin. (A,B)
Whole-mount in situ hybridization for hhex in a cycb16 mutant embryo at
50% epiboly. cycb16 is a deletion covering the hhex locus, such that mutant
embryos lack hhex expression. (C,D) Expression of wnt8 in a wild-type
embryo. (E,F) Expression of wnt8 in a representative embryo from a
cycb16+/ intercross at shield stage: wt, deficiency heterozygous and cycb16
mutant embryos have indistinguishable wnt8 expression. (A,C,E: animal
view, in C and E dorsal to the right; B,D,F: lateral view, in D and F dorsal to
the front; probes used are indicated in the bottom left corner of each panel).
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wild-type embryos indeed causes broadly expanded boz
expression (Figs. 5M,N; 100% show ectopic boz expres-
sion; n = 13), contrary to a previously published report
(Kawahara et al., 2000b). However, the observed up-
regulation of hhex expression upon VP16-vega2 misexpres-
sion in boz mutant embryos can not be mediated by up-
regulation of boz expression, since Boz is not functional in
boz mutant embryos. Thus, we conclude that Vega2 can
mediate repression of hhex independently from its potential
to repress boz expression.
If vega1 and vega2 are the relevant repressors of hhex
transcription, as our results indicate, we should expect an
expansion of hhex expression into ventrolateral regions
when these two genes are eliminated. Therefore, we
analyzed hhex expression in the deficiency mutant Df st7,
which lacks the closely linked vega1 and vega2 loci
(Imai et al., 2001). Retrospective genotyping of all
embryos examined for hhex expression (n = 49) revealed
that Df st7 mutant embryos (n = 12) have evenly strong
hhex expression all around the marginal region (n = 11;
Figs. 5Q,R; one embryo had laterally expanded hhex
expression plus some additional spots of hhex expression
in the ventral marginal region, data not shown). Wild-type
and heterozygous Df st7 embryos reveal either normal
dorsal hhex expression (n = 22; Figs. 5O,P) or variable
expansion of hhex expression into lateral regions, but in
most cases restricted to the dorsal half of the embryo (n =
15; data not shown). These data reveal a strong expansion
of hhex expression into the ventralmost region in Df st7
mutant embryos. Therefore, vega1 and/or vega2 are likely
to be the repressors critical for dorsal restriction of hhex
transcription, or at least mediate this repression.
Loss of hhex does not lead to expansion of wnt8 expression
into the organizer region at early gastrula stages
It has been shown that overexpression of hhex specifi-
cally in the YSL results in partial loss of wnt8 expression, as
analyzed at 30–40% epiboly (Ho et al., 1999). wnt8
expression was nearly abolished when hhex was overex-
pressed throughout the embryo. It has therefore been
suggested that hhex regulates wnt8 expression (Ho et al.,
1999). In this context, Hhex has been suggested to act as a
transcriptional repressor of wnt8 expression during early
development. We re-examined this hypothesis in a hhex
loss-of-function experiment. The cycb16 deletion allele
carries a deficiency on chromosome 12 that in addition to
the cyclops gene also includes the hhex gene (Liao et al.,
2000; Talbot et al., 1998). hhex expression is lost in cycb16
mutant embryos, as expected (Figs. 6A,B). When we
examined wnt8 expression in cycb16 mutant embryos, we
found that wnt8 was normally expressed, and we could not
detect an expansion of wnt8 expression into the dorsal
organizer domain normally devoid of wnt8 expression (Figs.
6E,F). This indicates that Hhex is not required to represswnt8 in the dorsal region during late blastula and early
gastrula stages.
As the zebrafish genome is partially duplicated, it is
possible that there may be a second so far unknown
duplicated hhex gene that may compensate for the loss of
the hhex function in cycb16. Therefore, we searched the
most recent zebrafish databases provided by the Sanger
Institute (http://www.ensembl.org/) for hhex-related genes.
Using the hhex sequence as a query in BLAST searches, we
found high scores in the Zv4 genome release only for the
contigs NA14112.1 and NA125.1. These two contigs
together encode the known hhex gene (contig NA125.1
encodes the first 100 amino acids of the Hhex ORF, contig
NA14112.1 encodes the carboxyterminal half of Hhex).
TBLASTX and BLAST searches of the genome sequence,
the trace repository, as well as the ESTs did not reveal
sequences with scores above 55% identity, and the ones
with the highest values from this group resulted from
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common to many transcription factors (data not shown).
Given the high-identity values that exist between the
zebrafish Hhex homeodomain and the equivalent domain
in Hhex homologs in several other species (97–100% ID;
see Ho et al., 1999), we regard none of the sequences with
low similarity to Hhex as an indication for a second hhex
locus. Thus, based on our experimental findings and the
apparent absence of a duplicated hhex gene, we conclude
that dorsal repression of wnt8 may not strictly depend on
hhex in zebrafish.Discussion
Bozozok is required for hhex expression in the YSL at early
gastrulation
Our data demonstrate that bozozok function is absolutely
required for the initiation and early maintenance of hhex
expression in the YSL. First, hhex is not expressed in boz
mutant embryos at late blastula/early gastrula stages.
Second, injection of boz mRNA leads to ectopic hhex
expression in the YSL and rescues the loss of hhex
expression in boz mutant embryos. Third, activation of the
Wnt pathway by LiCl does not induce ectopic hhex
expression in the absence of boz activity. It has been shown
that LiCl up-regulates boz expression (Melby et al., 2000) as
well as hhex (Ho et al., 1999). Our results show that LiCl
treatment of boz mutant embryos does not induce any hhex
expression, strongly indicating that functional Bozozok is
absolutely required for hhex expression. Thus, even
enhanced Wnt signaling cannot bypass the requirement for
Bozozok to enable hhex expression. While our data do not
exclude a direct activating effect of Wnt/h-catenin on hhex
expression, they reveal that Boz is a required permissive
factor to allow Wnt/h-catenin dependent activation of hhex.
Among the genes suggested to be targets of Bozozok
repression, so far a direct interaction has only been
demonstrated for repression of bmp2b by Boz (Koos and
Ho, 1999; Leung et al., 2003a). Thus, the observed
induction of hhex expression upon boz overexpression
could potentially be a consequence of bmp2b repression.
Our results argue against a pathway of two consecutive
negative regulatory interactions involving boz and bmp2b,
because hhex is restricted dorsally in swr mutant embryos in
a fashion similar to wild-type, and boz-mediated induction
of hhex also occurs in swirl/bmp2b mutant embryos.
VP16-vega1 and VP16-vega2 induce hhex expression in boz
embryos
The boz overexpression-mediated induction of hhex
expression could also be caused by the boz-mediated
repression of either one or several of other suggested boz
targets, such as vega1/vox, vega2/vent, and ved. Antago-nistic interactions between these ventrally expressed puta-
tive transcriptional repressors and boz have been reported
(Kawahara et al., 2000a,b; Melby et al., 2000; Shimizu et
al., 2002). Previous work reports that boz expression is
expanded at 30% epiboly (4.7 hpf) in embryos homozygous
mutant for the deficiency Df st7, which deletes the closely
linked vega1 and vega2 genes (Imai et al., 2001). Thus, the
negative regulatory interactions between boz on the one side
and vega1 as well as vega2 on the other side appear to be
reciprocal. As boz overexpression-mediated ectopic hhex
expression occurs exclusively in the YSL, Boz targets
involved in hhex control should be expressed in the YSL.
This is the case for both vega1 and vega2.
Our overexpression experiments with VP16-vega1 and
VP16-vega2 mRNAs show that activator variants of both
vega1 and vega2 are able to causes ectopic hhex expression
in the YSL. While, upon overexpression, VP16-vega2 is
present in the blastoderm and may activate other targets of
Vega2, including boz (Fig. 5N), in blastomers, ectopically
induced hhex expression is still restricted to the YSL. Thus,
activation of hhex appears to strictly depend on so far
unknown factors present only in the YSL. The VP16-vega1-
and VP16-vega2-mediated ectopic hhex expression is
independent of boz, as it also occurs in boz mutant embryos.
However, VP16-vega2 appears to be more potent in
mediating hhex expression than VP16-vega1. Since both
VP16 fusion proteins are likely to be antimorphic alleles of
the wild-type forms (Kawahara et al., 2000a,b), this
indicates that native Vega1 and especially Vega2 may
function to down-regulate the expression of hhex. This is
also supported by our finding that hhex transcription
expands into the most ventral regions when vega1 and
vega2 are both eliminated in Df st7 homozygous mutant
embryos. These data indicate that Vega1 and/or Vega2 are
critical for hhex repression at lateral and ventral positions,
and that this repression is not mediated by other ventrally
expressed transcriptional repressors like Ved. Ved is also
unlikely to be involved as a recent study reports that ved is
negatively regulated by Vega1 and Vega2, and thus up-
regulated in Df st7 mutant embryos at early gastrula
(Gilardelli et al., 2004). Further studies will be needed to
determine whether Vega1 and/or Vega2 directly repress
hhex. In the wild-type embryo, vega1 and vega2, which are
both expressed already before the earliest hhex expression,
might prevent hhex expression in the ventral and lateral part
of the YSL. This model is in agreement with the observation
that no hhex expression is observed in boz mutant embryos,
in which both vega1 and vega2 expression expand into the
dorsal region (Kawahara et al., 2000a,b; Melby et al., 2000).
Thus, Vega1 and Vega2 likely mediate repression of hhex in
the dorsal YSL in boz mutant embryos.
Nodal signaling is not required for early hhex expression
Both boz and Nodal-related signals are required for
proper induction of dorsal mesoderm (Sirotkin et al., 2000).
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sqt;cyc double (Sirotkin et al., 2000), and MZoep mutants
(shown for late blastula stages; Gritsman et al., 1999) and
thus potential changes in hhex expression in Nodal pathway
mutants would not be mediated through changes in boz
expression. We therefore addressed whether components of
the Nodal signaling pathway, in addition to boz, may also
contribute to the control of early hhex expression. Our
analyses of sqt and cyc mutant embryos, which are defective
for the two zebrafish Nodal ligands (Feldman et al., 1998;
Sampath et al., 1998), and of the MZoep mutant, which is
defective in a co-receptor essential for Nodal signaling
(Gritsman et al., 1999; Yeo and Whitman, 2001), do not
indicate a requirement for Nodal signaling during early hhex
expression.
hhex does not act as a repressor of wnt8 expression in the
dorsal marginal region of the early gastrula
Previous studies suggested that Hhex may act as a
repressor of wnt8 to establish a zone devoid of wnt8 on the
dorsal side of the embryo at late blastula/early gastrula
stages, as YSL-specific overexpression of hhex mRNA
causes partial loss of wnt8 expression (Ho et al., 1999). Our
examination of wnt8 expression in the deletion mutant
cycb16, which deletes the hhex locus (Liao et al., 2000;
Talbot et al., 1998), challenges this notion, as we do not
detect changes in wnt8 expression. Even relatively late, at
shield stage, we could not detect any expansion of wnt8
expression into the dorsal domain in cycb16 mutant
embryos. Based on analysis of zebrafish genomic and
EST sequences currently available in public databases, we
do not have any indication for a duplicated hhex gene that
might act redundantly to the known hhex gene and
compensate its loss in the cycb16 mutant. Thus, we argue
that the exclusion of wnt8 from the dorsal margin does not
depend on hhex. We currently cannot explain the difference
between the strong defects in anterior development observed
upon hex loss of function in mouse or Xenopus (Martinez
Barbera et al., 2000; Smithers and Jones, 2002), and the
weak anterior defects observed in cycb16 mutant embryos.
However, it is possible that in the network of partially
redundant patterning mechanisms, in zebrafish some of the
vertebrate hex activities may have been substituted by other
patterning mechanisms.
Our data reveal that hhex expression in the early gastrula
appears to be controlled by at least two mechanisms. First,
as previously suggested (Ho et al., 1999), maternal Wnt/h-
catenin signaling appears to be the dominating mechanisms
for hhex activation. This is also supported by data from
Xenopus, which demonstrate a strong inducing effect of the
overexpression of activating components of the Wnt signal-
ing pathway on Xhex expression (Zorn et al., 1999). In the
YSL, in the absence of cell boundaries, activated Wnt/h-
catenin signaling pathway components may have the
tendency to spread laterally. Vega1 and Vega2, componentsof a ventralizing repressor system, counteract this spreading
of hhex expression and limit hhex to the dorsal half of the
embryo. Given that zygotic marginal Wnt8 signals (Dorsky
et al., 2003) may, during later gastrulation, feed into the
same regulatory elements that may mediate initial maternal
Wnt/h-catenin dependent activation of hhex, transcriptional
repression on the ventral side may emerge as the dominating
means of restricting the hhex expression domain. While our
study sheds light on the regulation of hhex expression in the
YSL, we did not detect a specific function in early
patterning and could eliminate that hhex is responsible for
repression of wnt8 expression in the dorsal margin. The
early function of hhex may be a rather subtle effect on
patterning among the YSL nuclei (D’Amico and Cooper,
2001), as knock-down experiments in zebrafish have also
not revealed an early gastrula phenotype so far (Wallace et
al., 2001). Alternatively, one function of hhex may be to
alleviate Bmp signaling in the dorsal half of the embryo by
disabling the dorsal part of the YSL to generate Bmp signals
(Ho et al., 1999)—a function that contributes in a subtle way
to the dorsoventral equilibrium, as it is redundant with other
anti-BMP activities, and may be difficult to detect in loss-of-
function experiments.Acknowledgments
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